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propulsion performance and injury risk
Emily Churton1 and Justin WL Keogh1,2,3*Abstract
The Paralympic Games are the pinnacle of sport for many athletes with a disability. A potential issue for many
wheelchair athletes is how to train hard to maximise performance while also reducing the risk of injuries,
particularly to the shoulder due to the accumulation of stress placed on this joint during activities of daily living,
training and competition. The overall purpose of this narrative review was to use the constraints-led approach of
dynamical systems theory to examine how various constraints acting upon the wheelchair-user interface may alter
hand rim wheelchair performance during sporting activities, and to a lesser extent, their injury risk. As we found no
studies involving Paralympic athletes that have directly utilised the dynamical systems approach to interpret their
data, we have used this approach to select some potential constraints and discussed how they may alter
wheelchair performance and/or injury risk. Organism constraints examined included player classifications,
wheelchair setup, training and intrinsic injury risk factors. Task constraints examined the influence of velocity and
types of locomotion (court sports vs racing) in wheelchair propulsion, while environmental constraints focused on
forces that tend to oppose motion such as friction and surface inclination. Finally, the ecological validity of the
research studies assessing wheelchair propulsion was critiqued prior to recommendations for practice and future
research being given.
Keywords: Adapted physical activity, Biomechanics, Constraints-led approach, Dynamical systems theory,
Paralympic sportIntroduction
Wheelchair sports such as basketball, rugby, tennis and
racing e.g. 100 m through to the Marathon, are becom-
ing increasingly popular for many athletes with disabil-
ities and spectators, with the pinnacle for these athletes
being the Paralympic Games. A potential issue for many
wheelchair athletes is how to maximise the training-
related gains in performance while minimising the risk
of injuries [1-3]. Upper limb injuries, particularly to the
shoulder appear common in wheelchair athletes due to
the accumulation of stress placed on this joint during ac-
tivities of daily living, training and competition [4-8].
This narrative review/current concept article aims to:
1) use the constraints-led approach of dynamical systems* Correspondence: jkeogh@bond.edu.au
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distribution, and reproduction in any mediumtheory to identify key constraints affecting wheelchair pro-
pulsion; and 2) critically evaluate a sub-set of relevant arti-
cles from the research literature on hand rim wheelchair
propulsion during sporting activities; with the overall goal
being to propose ways in which to improve wheelchair
sporting performance and reduce injury risk. For the pur-
poses of this review, performance measures can be viewed
as direct (time to complete a set distance in a race, dis-
tance thrown during throwing events etc.) or indirect
(VO2peak, strength, muscular power etc.). While injury
rates are often defined as the number of injuries per 1000 -
hours of activity, no studies have compared the injury
rates of Paralympic athletes under different forms of con-
straint. Thus, we used injury risk which is much harder to
define. In this paper, insight into injury risk was mainly
provided by the nature of the internal and external forces
acting upon the body. As we found no studies that have
directly utilised the dynamical systems approach to inter-
pret their data in Paralympic athlete studies, we therefore
thought it appropriate to conduct a narrative review of theCentral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited.
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of constraints under which wheelchair locomotion is
performed may alter performance and/or injury risk.
While numerous organism, task and environmental con-
straints could be examined in such a narrative review of
the literature, we have focused on selected examples of
each of these constraints that we feel have the most rele-
vance to these athletes. Specifically, organism constraints
examined include player classifications, wheelchair setup,
training and intrinsic injury risk factors. Task constraints
examined the influence of locomotion (court sports vs ra-
cing) at various speeds, while environmental constraints
focused on forces that tend to oppose motion such as fric-
tion and surface inclination. Finally, the ecological validity
of the research studies assessing wheelchair propulsion
was critiqued prior to recommendations for practice and
future research being given.
Research methods
Relevant literature was found by inputting the keywords
dynamic systems, constraints-led approach, upper limb
biomechanics, wheelchair sport, and hand rim propulsion
in the following databases EBSCO Host, SportDiscus,
Medline, Science Direct and Google Scholar. Reference
lists of all identified references were examined in order
to find more relevant references. To be included in the
review, articles needed to be in peer-reviewed journals
and involve participants who used wheelchairs in their
daily living and sporting activities. As a narrative review
similar to that of Keogh [9], this manuscript has not sys-
tematically reviewed all of the literature, but cited and
examined the most relevant literature pertaining to the
three levels of constraint so to more critically examineFigure 1 An example of how the three levels of constraints interact a
et al., 2008).ways to improve performance and reduce injury risk in
wheelchair sports.Dynamical systems theory
The constraints led approach views the outcome and co-
ordination of movement as the result of the manner in
which the three levels of constraints (environmental,
task and organism) under which the movement is
performed interact [10]. This is depicted pictorially in
Figure 1, showing how the interaction of the three levels
constraints may impact on performance and injury risk.
Studies using the constraints led approach to investigate
human movement have focused on able-bodied sport or
injury [11-14]. Currently, no such studies appear to have
been conducted on wheelchair propulsion, although this
approach has been used in one gait study of individuals
with a lower limb amputation [15].
Organism constraints refer to unique characteristics a
person has, such as level of disability, that influence the
manner in which their movements are performed. In
Paralympic wheelchair sports, the wheelchair-user inter-
face can be viewed as the organism through which
performance and injury risk need to be evaluated. Envir-
onmental constraints are global extrinsic factors that can
impact movement co-ordination whereas task con-
straints are more specific to performance and include
task goals, specific rules associated with a sport and ac-
tivity related implements or tools [10]. The variety of
disabilities and wheelchair designs (and hence organism-
level constraints) seen within- and between-Paralympic
events and athletes suggests that subtle differences in
the optimal coordinative strategy and injury risk wouldnd create functional variability (adapted from Davids
Figure 2 An example of a low point wheelchair
basketball wheelchair.
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constraints they encounter are identical.
The concept of functional movement variability is an-
other dynamical systems theory principle that may be
relevant to coaches, sports science and medicine staff
who work with Paralympic athletes. Functional variabil-
ity can be viewed as the ability to adopt a flexible (vari-
ant) movement control strategy that enables the athlete
to perform at a consistently high level even when the
interaction of the three levels of constraints have
changed [13]. Based on this view, the minimisation of all
movement variability (i.e. absolute invariance of tech-
nique) may be sub-optimal and lead to increased injury
risk as the same anatomical structures would have to
produce and/or tolerate the muscular and external
forces, respectively. This view is supported by several
studies involving able-bodied athletes, whereby greater
performance or reduced injury risk was associated with
higher levels of functional variability [12-14].
Organism constraints
Constraints discussed in this section reflect those factors
influencing the wheelchair-user interface. Selected arti-
cles on player classification, wheelchair set-up, training
and intrinsic injury factors and their impact on wheel-
chair locomotion are examined.
Player classification
The wheelchair sports of basketball, rugby, tennis and
racing are all included in the Paralympics and each sport
has functional classifications which takes into account
each person’s organism constraints, i.e. the extent of
their impairment. This is one of the most critical issues
in wheelchair sports as the functional classification
allows the grouping of players with a similar level of
functional capacity based on their ability to perform
movements. This aims to eliminate competitive inequal-
ities due to the greater or lesser severity of the impair-
ment of different athletes [16], and gives those with a
spinal cord injury or other disabilities, such as polio,
cerebral palsy, or amputation, an opportunity to play the
sport [17]. The following section will use wheelchair
basketball to provide a brief example of the functional
classification approach, and how these differences may
influence the optimal chair design (to be discussed in
the next sub-section), performance role and capabilities
as well as injury risk of these athletes. Somewhat similar
classification principles are used in the other sports in-
volving wheelchair athletes. For further information on
these other sports, the interested reader should consult
the International Paralympic Council’s website.
Under the system used by the International Wheelchair
Basketball Federation (IWBF), players are categorised
based on their physical capacity in terms of playing skills,and the trunk movement and stability observed during
pushing, pivoting, shooting, rebounding, dribbling, pass-
ing and catching [18]. Wheelchair basketball players are
assigned a classification from 1.0 through to 4.5. As low
point players (1.0–2.0) have the least physical function
and cannot actively stabilise their pelvis, they rely on the
external support of the wheelchair for stability and will
usually use a seat that is significantly angled downward
from front to back (Figure 2). The high point players (3.0–
4.5) have more physical function and require little support
from the wheelchair as they can actively stabilise their
pelvis, meaning they will use a chair with a relatively flat
seat (Figure 3) [18]. Further exploration of the wheelchair
setup will be provided in the next sub-section.
Very little research has been conducted to examine per-
formance differences in wheelchair team sports athletes
of different classifications. Malone and colleagues [19]
sought to determine the primary factors associated with
successful free throw shooting and if these factors differed
between classification groups in wheelchair basketball. All
of the free throws taken at one end of the court were
recorded at the 1994 Men’s Gold Cup World Wheelchair
Basketball Championship, with the analysis conducted on
all successful clean shots. Malone et al. [19] categorised all
players into one of four groups, so that there were seven
clean shots for players in Group I, 16 in Group II, 18 in
Group 3 and 26 in Group 4. While many significant differ-
ences were observed in the height, angle and speed of re-
lease as well as joint kinematics between the groups,
tournament statistics indicated that the free throw shoot-
ing percentages were very similar across all groups, with
the highest percentages being for Group 4 (54%) and the
lowest for Group 3 (49%). Based on these results, Malone
et al. [19] suggested that the higher classification players
did not utilise their theoretical advantages in free throw
Figure 4 An example of a low point wheelchair
rugby wheelchair.
Figure 3 An example of a high point wheelchair
basketball wheelchair.
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their lower point colleagues.
Players in different classification categories may also
have somewhat different injury risks. According to a study
by Reid, Elliot and Alderson [20] involving wheelchair ten-
nis players, those with less trunk control used the upper
limb and shoulder muscles to provide a greater percentage
of the propulsive power in serving and may also be ex-
posed to higher shoulder joint posterior forces to help re-
sist superior translation of the humeral head during the
follow through. If such differences are seen in other Para-
lympic wheelchair sports, particularly in those sports in
which the low point players have similar wheelchair pro-
pulsion and throwing/hitting involvement, injury preven-
tion programmes for those with high or low levels of
function may need to be more specifically developed so to
offset the low pointers greater injury risk.
Chair set up
With the increased popularity of wheelchair sports, new
wheelchair designs are being continually developed to
improve aspects such as acceleration, maximal speed
and turning capacity and to prevent tipping over so to
fit specific sport needs [21,22]. Wheelchairs can now be
altered in many ways and a variety of studies [23-25]
have shown that the chair set up can alter propulsion
biomechanics in ways that may be beneficial for both
sport performance and reducing injury risk.
For example, a comparative study by Coutts [24] in-
volving wheelchair basketball players and wheelchair
racers found that the basketball wheelchairs had larger
diameter hand rims. Coutts [24] suggested that the
greater hand rim diameters of the wheelchair basketball
players allowed them greater time to apply propulsive
forces (impulses) and hence develop greater levels of ac-
celeration as required due to the stop-start and changeof direction nature of wheelchair basketball. This view of
Coutts [24] was supported more recently by Costa et al.
[23] who examined the relationship between stroke fre-
quency, push time and wheelchair velocity using differ-
ent hand rim diameters in a class T-52 wheelchair track
athlete. They found that when greater torque is needed
for rapid speed increases, a larger diameter hand rim
could be more effective due to its longer lever arm.
However, it must be acknowledged that a larger hand
rim may also have some negative consequences. Specif-
ically, larger hand rims may require athletes to apply
propulsive torques over larger range of motions. As each
athlete may have different upper limb ranges of motion
and as extreme ranges of motion during wheelchair pro-
pulsion may increase injury risk [4,6], there would likely
be a safe upper limit hand rim diameter for different
wheelchair athletes and sports.
Lowering the seat, and therefore decreasing the verti-
cal distance between the axle and the shoulder, makes
more of the hand rim available for the push cycle, in-
creasing the push angle and contact time between hand
and rim. Kotajarvi et al. [25] found that average peak ra-
dial and axial force components were also significantly
higher in lower seat positions. This may be advantageous
as it implies that more force is being directed perpen-
dicular to and toward the axle, respectively in the lowest
seat height positions that were tested. However, it is not
currently well understood how low the seat should be
for different sports and athletes with varying levels of
disability and how this might be affected by the diameter
of the wheels and hence height of the axle.
A low seat angle achieved by increasing the wheel
camber, as shown by the wheelchair in Figure 4, may
also provide advantages for low point players in wheel-
chair basketball and rugby. Increasing the camber of the
wheels will broaden the wheelchair’s base of support,
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also improve stability in contact situations. However, in-
creasing wheel camber does have some disadvantages.
Specifically, Faupin et al. [26] found that increased rear-
wheel camber resulted in significant increases in residual
torque and total muscular power required during the
push phase for a given wheelchair velocity and a signifi-
cant decrease in the mean wheelchair velocity per arm
cycle.
As the results of these and other studies provide some
indication of the effect of altering certain aspects of
chair design, coaches and sport scientists should seek to
use such information when determining the optimal
chair design for these athletes. As the organism level
constraints for each athlete may change somewhat over
time due to training, injury or the effect of neurodegen-
erative diseases, continuing assessment of chair design
should be performed. The interested reader should also
consult Burkett and Mellifont (2008) who used a similar
theoretical approach when seeking to improve the per-
formance of the six-strong Australian cycling team at
the 2004 Paralympic Games by testing the effect of a
number of potential changes in bike setup.
Training
Strength and conditioning training is an important com-
ponent for most Olympic sports, with many more Para-
lympic sports also starting to utilise this mode of
training in order to reduce the organism constraint of
their disability. While a variety of exercise modes have
been shown to significantly increase muscular strength
and power and aerobic fitness in non-athletic individuals
with a disability [27], very little of this research has been
conducted with Paralympic wheelchair athletes or exam-
ined changes in functional performance [3,28]. The lack
of studies in this area utilising athletic individuals is a
limitation as Dallmeijer et al. [28] have demonstrated
that the response to wheelchair rugby training is much
lower in Paralympic athletes than non-athletic individ-
uals with a disability. This means that the results of the
studies using non-athletic individuals with a disability
may not necessarily directly apply to Paralympic athletes
and that more specific strength and conditioning
programmes that factor in the interaction of the three
levels of constraint may need to be developed.
Turbanski and Schmidtbleicher [3] observed improve-
ments in selected kinetic and kinematic measures after
an 8 week resistance training programme involving
moderately heavy bench press exercise. They found that
wheelchair athletes demonstrated significant improve-
ments in strength and power parameters as a result of
resistance training and that these effects were compar-
able to control subjects without spinal cord injury. Spe-
cifically, maximal velocity measured from a bench pressthrow improved from 2.39 to 2.49 m/s, and maximum
bench press acceleration increased by 24.6%. Maximum
force increased by 31.6% and maximum rate of force de-
velopment demonstrated an impressive enhancement of
71.5%. These contributed to a trend for an improvement
in 10 m sprinting performance (6.2%) that approached
statistical significance (p = 0.058) [3]. These greater in-
creases in strength and power in weight training move-
ments than sprinting performance appears consistent
with the review of Cronin et al. [29] for able-bodied
sprinters, whereby increases in squat strength of ~23%
were required for significant improvements in sprinting
ability of > 2%. Although the lack of a comparable con-
trol group of athletes with a disability was a limitation of
the Turbanski and Schmidtbleicher [3] study, these
Paralympic athletes were very familiar with performing
short sprints during training and competition. Therefore
it would appear very unlikely that any learning effect oc-
curred, meaning that the non-significant 6.2% improve-
ment was likely to be a true change in performance and
that the lack of statistical significance reflected a lack of
statistical power of the small sample size.
Injury
Injury to the individual will act as an organism level
constraint that may alter movement patterns, reduce
subsequent performance and further increase the risk of
future injuries to the same area. Many studies have de-
scribed the importance of studying propulsion biomech-
anics to prevent injury not only in sport performance
but also in daily life for wheelchair users. Since Paralym-
pic athletes use their upper extremity for all mobility
and daily functional tasks (with many of these individ-
uals using wheelchairs for their mobility needs), an in-
jury to the upper extremity from sport use can be
detrimental to all activities of daily living and their over-
all quality of life [5,22,30].
The shoulder girdle is the primary source of power in
most activities performed by wheelchair users but it is
designed for freedom of movement rather than repetitive
loading so manual wheelchair users are prone to many
injuries of the upper limb, especially to the shoulder
[4,6]. According to Ferrara and Peterson [8], the location
of Paralympic injuries appears to be sport and disability
dependant, with upper extremity injuries more frequent
in athletes who utilise wheelchairs for their mobility
needs. This was supported by Nyland, Snouse, Anderson,
Kelly and Sterling [7] who found that in a group of USA
Paralympians the wheelchair athletes had higher rates of
shoulder, elbow-arm and forearm-wrist injuries compared
to other Paralympian athletes. Unfortunately Nyland et al.
[7] did not provide a full epidemiological description of
these injuries, meaning that it is difficult to determine
how the interaction of the intrinsic (organism) and
Figure 5 An example of a class T54 wheelchair racer.
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chair propulsion may have influenced these injury rates.
However, there is some evidence that the stroke pat-
terns used by wheelchair athletes may be associated with
injury risk [31,32]. For example, larger end of ranges of
motion of the propulsion phase where peak shoulder
forces and moments are shown to occur [4,6], frequent
starting and stopping, and regularly propelling on out-
door and inclined surfaces [33] are risk factors for upper
limb injuries because of increased and cumulative load-
ing on the upper limb. Further biomechanical studies
that determine how factors such as the position of the
athlete in the wheelchair influence the overall shoulder
stresses may help identify harmful aspects to a manual
wheelchair user’s stroke patterns. This information may
be used to design training programmes to reduce injury
risk and/or be used for wheelchair athletes undergoing
shoulder rehabilitation [6,22].
Although included in the organism level constraint
section, we must reinforce the importance of how the
three levels of constraints interact to alter the injury risk
(by example, altering stroke patterns and mechanics)
and that injury risk is not isolated to the organism alone.
To gain more insight into the determinants of injury
risk, an examination of the interaction of intrinsic (or-
ganism) and extrinsic (task and environmental) con-
straints need to be considered. Some of the task and
environmental constraints that may potentially have an
effect on an individuals’ injury risk and performance are
in the sections to follow.
Task constraints
Wheelchair athletes participating in sports such as basket-
ball, rugby and tennis would encounter a range of task
and environmental constraints that differ to those encoun-
tered by track athletes, as they must frequently accelerate
and decelerate, change direction at speed and perform
sport-specific skills to adjust to the task constraints during
the course of a game. It would appear likely that these dif-
ferences in constraints encountered would alter hand rim
propulsion biomechanics in ways that may impact on the
overall training required to maximise performance as well
as the injury risk to the upper extremities. Differences and
similarities in wheelchair propulsion at various speeds be-
tween wheelchair racing and court sports will therefore be
covered in the following sections.
Wheeled sports
Racing The most important goal for wheelchair racing
is to obtain and sustain a greater average velocity than
your opponents. An example of a class T54 wheelchair
racer is shown in Figure 5.
Unsurprisingly, a number of studies [4,6,34,35] have in-
dicated that many kinematic and kinetic measuresincrease with speed. For example, Wang, Vrongistinos, &
Xu [34] found that over consecutive pushes during wheel-
chair sprinting, higher range of motion values occurred
around the shoulder and elbow leading to greater max-
imum angular velocity of the upper arm and forearm and
an increased range of motion over which angular acceler-
ation could be produced. In comparing the speed and
stroke cycle characteristics during the 100 m wheelchair
race, Chow [35] also found significant differences in stroke
speed, length, push and recovery times at different por-
tions of the race. At a faster speed, Boninger et al. [4]
found that the elbow range of motion and peak acceler-
ation in shoulder sagittal flexion and extension, abduction
and adduction all increased. During these maximum ac-
celerations the resultant force which reflected the limbs’
inertia, as well as the active contraction of the muscles,
was found to increase at higher speeds.
In order to obtain maximum speed (momentum), the
athlete must be able to apply an increasingly large pro-
pulsive force to the hand rim over an ever-decreasing
period of time to achieve a high net impulse [9,36] and
to adapt their stroking patterns to the variations in the
constraints encountered as speed increases. In support
of this view, O’Connor et al. [37] found that a longer
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would create a decelerating force and lead to a loss of
wheelchair velocity at higher speeds. A higher wrist
velocity might indicate that the hand is travelling as fast or
faster than the hand rim, which would decrease applica-
tion of a decelerating force to the push rim [37]. Due to
this impulse – momentum relationship, Keogh [9] argued
that high levels of strength and rate of force development
would appear crucial for wheelchair sprinters. However, as
stated previously very little strength and conditioning re-
search has been conducted on Paralympic athletes, espe-
cially those involved in wheelchair sprinting, meaning
much more research in this area is required.Court sports Unlike wheelchair racing where the spe-
cific movement dynamics may involve starting, acceler-
ating, steady-state wheeling and deceleration phases, the
task constraints in wheelchair ball sports like basketball,
rugby and tennis also involve braking, change of direc-
tion, striking, catching, physical contact with opponents
and/or blocking [32].
Goosey-Tolfrey et al. [38] found that tennis players had
significantly reduced acceleration and maximum velocities
during the first three pushes while holding a racquet in
contrast to trials done without a racquet, as holding the
racquet interfered with the hand contact on the rim. Such
a result suggests there is potential for wheelchair tennis
players to experiment with different ways to hold their
tennis racquet while accelerating that allow more efficient
transfer of muscular forces to the hand rim. Coutts [24]
showed that compared to track athletes, basketball players
had a significantly faster wheelchair velocity during the
first push (achieving 80% of their peak speed during the
third push) and similar speeds during the second and
third pushes but that track athletes attained a higher peak
speed during a 10 second effort.
The results of these studies examining the effect of dif-
ferent task constraints type of sport (racing vs court)
and indirectly the effect of speed have a number of impli-
cations. They suggest that to develop sufficient levels of
functional variability to perform well in different competi-
tive conditions and tasks and minimise injury risk, Para-
lympic athletes need to train utilising some variations of
the three levels of constraint that they will likely encounter
in competition. If such specific training is not performed e.
g. wheelchair rugby players only performing straight line
rather than change of direction sprinting or training not
reflecting the time-motion characteristics of the sport, per-
formance will be reduced and injury risk likely increased.Environmental constraints
A variety of environmental constraints, for example in-
creasing resistive forces, may pose a range of difficultiesfor those in hand rim propelled wheelchairs. Although
wind, temperature and humidity may all be environmen-
tal constraints that influence wheelchair propulsion, the
friction of the surface beneath the wheelchair and be-
tween the user and the wheelchair as well as the incline
of the surface appear to be the most commonly assessed
environmental constraints in this area [22]. The litera-
ture has confirmed that users often use functional vari-
ability by changing their propulsion biomechanics to suit
the variations in these environmental conditions [30,33],
with the likely effect of this being to overcome these dif-
ficulties and again, prevent injury.
Friction and surface inclination
Friction is an important type of force between the user’s
hand and the hand rim as well as the wheel and ground
that will have an impact on wheelchair sport perform-
ance and injury risk. For example, a sufficient amount of
axial force, the portion of the total force that is directed
toward the axle, is needed to help maintain friction be-
tween the hand and the hand rim, otherwise the hand
may slip [22,37].
Goosey-Tolfrey (2010) found that because of the lim-
ited hand function that wheelchair rugby players often
possess, these players may need to use adaptive equip-
ment in the form of gloves and or hand rim modifica-
tions to increase the hand-hand rim friction so to
improve their ergonomics of propulsion. Research by
Coutts [24] supported this view, findings that basketball
players with low levels of disability use their bare hands,
while track athletes with less function wore gloves and
used push rims that were coated with tape and/or adhe-
sive compounds. The track athletes had greater positive
and negative accelerations which were believed to be
due to differences in hand to push rim surface friction.
Koontz et al. [33] conducted a kinetic analysis of manual
wheelchair propulsion during start up on select indoor
and outdoor surfaces that included high- and low-pile car-
pet, indoor tile, interlocking concrete pavers, smooth level
concrete, grass, hardwood flooring, and a sidewalk with a
5o ramp. In comparison to smooth level concrete, the kin-
etic requirements of the start-up phase increased substan-
tially across the other surfaces. For example, the peak
wheel torque and peak resultant force for the 5o ramp
(3.51 and 3.54 times), grass (3.11 and 2.44 times), and
interlocking pavers (2.59 and 2.38 times) were significantly
greater than the smooth concrete surface and many of the
other low-friction, flat surfaces. This was likely due to the
incline of the ramp and the greater friction imposed by
the grass and interlocking pavers [33]. Using surfaces with
greater friction or small inclines could therefore be used
as a more specific resistance training tool than gym-based
exercises for manual wheelchair users, as is done with sled
towing for increasing able bodied sprinting speed [39,40].
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found that peak hand rim forces increased markedly with
increasing grade, with an average 218% increase from the
level to a 6° grade condition. These results would suggest
that high ground friction or incline wheelchair training
should be progressed slowly and involve relatively low vol-
ume as this form of training would lead to increased joint
loading and may increase the likelihood of developing
upper limb injuries.
The study by Richter et al. [30] also documented that by
varying the inclination of the surface, some differences in
the stroke characteristics emerge. These stroke character-
istics have been classified as being semi-circular, single
looping, double looping, and arcing (Figure 6) [30]. While
a variety of stroke patterns were used for propulsion on a
level surface, at 3° incline the stroke pattern with highest
speed and peak force was arcing, whereas single looping
had the greatest push angle and double looping had the
highest push frequency. At 6° incline, the speed, push
angle and push frequency all decreased and peak force in-
creased for all patterns, with the arcing stroke pattern
again having the highest values for all of these kinematic
and kinetic variables [30]. Relatively little is known aboutFigure 6 Stylized illustration of stroke pattern classification
during wheelchair propulsion. The hand contacts the rim at the
top, is constrained to follow the hand rim during the push but the
user is free to choose how to follow through between pushes. In
the arcing pattern, the user’s hand travels back along the hand rim
between pushes (adapted from Richter et al. [24]).how these variations in stroke patterns may occur natur-
ally within and across different wheelchair events and in
athletes with different degrees of disability. Thus, the alter-
ations in surface friction and/or inclination seen in these
studies may require the athletes to develop greater func-
tional variability in their stroke patterns. The astute coach
should therefore monitor the potential acute and chronic
changes in wheelchair propulsion technique with varia-
tions in the environmental constraint so to ensure that
such variability in technique is adaptive and functional ra-
ther than detrimental to performance and injury risk.
Specificity using the constraints approach
The constraints-led approach suggests that to get the
desired result and reduce injury risk during training, the
organism, task and environment constraints of the
movements performed in training should be similar to
what is expected in competition. As biomechanics aims
to provide insight into the underlying causes of human
movement and to relate these causes to performance,
and consequences such as injury, human movement
should be studied under realistic constraints to action.
On this basis, simulating manual wheelchair propulsion
on lab-based ergometers can then be considered a de-
flection from reality which may alter the movement
and/or performance and consequently the relationship
between the parameters under study [32,36]. The two
main specificity issues that are seen in research are the
use of able bodied subject groups and using laboratory
ergometers.
The laboratory ergometer has been used in many research
studies examining wheelchair propulsion [5,6,31,37,41] as it
has allowed detailed and repeatable physiological and
biomechanical studies to be conducted on sedentary and
expert wheelchair users, as well as evaluation of propul-
sion technique and mechanical strain [42]. However such
an approach has its limitations. Moss et al. [36], Stankovits
et al. [22] and Vanlandewijck et al. [32] all stated that this
approach ignores the importance of environmental and
task constraints such as the changes in air resistance
brought about by the velocity and frontal surface area of
the wheelchair-athlete interface, and internal and external
forces acting on the wheelchair-user system, which will
influence rolling friction and wheelchair balance. Since
backward tilting is prevented on most stationary ergome-
ters, the forces generated on the hand rim will also differ
compared with the same task under field conditions, espe-
cially during the acceleration phase of a sprint task [32].
Inertial forces acting on the wheelchair, caused by acceler-
ations and decelerations of the trunk and arms [32,36] are
also reduced during ergometry assessments.
The predominance of lab-based ergometers studies may
be due to historical constraints in instrumentation [43].
However, sophisticated biomechanical and physiological
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coming more feasible due to the further development and
miniaturisation of monitoring devises, portable metabolic
analysers and motion sensor technology [21,43]. Es-
pecially in wheelchair sports, this opens up new ave-
nues for performance related research, although the
consistency of the environmental conditions may need to
be considered in order to ensure sufficient reliability of
the acquired data [42].
A number of researchers [22,32] have stated that during
wheelchair propulsion, a very specific activity is performed
by a very specific group of users. So, as able bodied
persons have different organism constraints that would
likely not accurately represent the movement, force and
muscle activity patterns used by experienced wheelchair
users [32], they should not be used if possible in studies
of wheelchair propulsion. Subsequently, studies such as
Hintzy et al. [41] that used able bodied females to examine
the force-velocity characteristics of maximal wheelchair
sprinting and Lutgendorf et al. [44] who examined the use
of different forms of gloves for wheelchair rugby move-
ment may not be representative of results that would be
obtained with Paralympic athletes.
Conclusion
As the number of wheelchair users who are participating
in wheelchair sport is growing worldwide, it is important
to increase the understanding of the biomechanics of
wheelchair propulsion to improve performance and de-
crease the risk of injury. The constraints-led approach is
a useful tool when examining the outcome and coordin-
ation of a hand rim wheelchair user’s movement, and
will assist the Paralympic athlete and coach better de-
velop their overall training programme.
No single constraint can be considered in to isolation,
so how the three levels of constraint interact is paramount
to understanding wheelchair propulsion performance and
injury risk during sport. The interaction of organism con-
straints such as players’ disability, classification level and
chair set up will likely be important factors to consider
when developing the appropriate training programme re-
quired by a wheelchair athlete to perform at their best
whilst also reducing the risk of injury.
It is evident that while wheelchair athletes in racing
and court sports all need to accelerate and achieve high
speeds, they have very different task constraints that
need to be considered, along with environmental con-
straints such as friction both between the user and
wheelchair and wheelchair and ground. Unfortunately,
very little empirical evidence is available on what consti-
tutes appropriate training for these different groups of
Paralympic athletes’ and how they may use functional
variability when adapting their propulsion biomechanics
to the variations in environmental conditions.It is clear that much of the literature is almost 20 years
old, based on using wheelchairs on ergometers, and even
using able bodied individuals as subjects. Much research
still needs to be done to fully understand the biomechan-
ics involved in hand rim wheelchair propulsion in sport
especially with the ever evolving wheelchair technologies.
This research needs to use the appropriate subjects, be
performed in ecologically valid, real-world environments
and investigate the vast array of wheelchair sports that are
now available.
Competing interests
No authors have any competing interests.
Authors’ contributions
ED and JK both made substantial contributions to: 1) conception and design
of this review, including sourcing and reviewing relevant articles; 2) have
been involved in drafting the manuscript or revising it critically for important
intellectual content; and 3) have given final approval of the version to be
published. Both authors read and approved the final manuscript.
Authors’ information
ED has a Bachelor of Sport Studies from Massey University and is studying
towards a Post Graduate Certificate in Sport and Exercise at AUT University,
New Zealand. She is currently working at Sport Bay of Plenty in Tauranga.
JK has recently left AUT University in 2011 to take up a new position at Bond
University, Australia. His primary teaching areas are biomechanics, motor
control and motor learning. He was the Paralympics New Zealand
Powerlifting team coach from 2007–2010.
Acknowledgements
The primary author would like to thank Neil Cudby and Sophie Jackson from
Bay of Plenty Parafed for their assistance and providing relevant material on
wheelchair sport.
Author details
1Sport Performance Research Institute New Zealand, School of Sport and
Recreation, AUT University, Private Bag 92006, Auckland 1142, New Zealand.
2Bond University Research Centre for Health, Exercise and Sports Sciences,
Faculty of Health Sciences and Medicine, Bond University, Gold Coast 4229,
Australia. 3Faculty of Science, Health, Education and Engineering, University
of the Sunshine Coast, Sippy Downs, QLD, Australia.
Received: 27 November 2011 Accepted: 26 February 2013
Published: 28 March 2013
References
1. Ferrara MS, Davis RW: Injuries to elite wheelchair athletes. Paraplegia 1990,
28:335–341.
2. Taylor D, Williams T: Sports injuries in athletes with disabilities:
wheelchair racing. Paraplegia 1995, 33:296–299.
3. Turbanski S, Schmidtbleicher D: Effects of heavy resistance training on
strength and power in upper extremities in wheelchair athletes. J
Strength Cond Res 2010, 24:8–16.
4. Boninger ML, Cooper RA, Shimada SD, Rudy TE: Shoulder and elbow
motion during two speeds of wheelchair propulsion: a description using
a local coordinate system. Spinal Cord 1998, 36:418–426.
5. Ambrosio F, Boninger ML, Souza AL, Fitzgerald SG, Koonts AM, Cooper RA:
Biomechanics and strength of manual wheelchair users. J Spinal Cord
Med 2005, 28:407–414.
6. Koontz AM, Cooper RA, Boninger ML, Souza AL, Fay BT: Shoulder
Kinematics and kinetics during two speeds of wheelchair propulsion.
J Rehabil Res Dev 2002, 39:635–650.
7. Nyland J, Snouse SL, Anderson M, Kelly T, Sterling JC: Soft tissue injuries to
USA paralympians at the 1996 summer games. Arch Phys Med Rehabil
2000, 61:368–373.
8. Ferrara MS, Peterson CL: Injuries to athletes with disabilities: identifying
injury patterns. Sports Med 2000, 30:137–143.
Churton and Keogh BMC Sports Science, Medicine, and Rehabilitation 2013, 5:3 Page 10 of 10
http://www.biomedcentral.com/2052-1847/5/39. Keogh JWL: Paralympic sport: an emerging area for research and
consultancy in sports biomechanics. Sports Biomech 2011, 10:249–268.
10. Davids K, Button C, Bennett S: Dynamics of Skill Acquisition: A Constraints-Led
Approach. Champaign, IL: Human Kinetics; 2008.
11. Hoch MC, McKeon PO: Integrating contemporary models of motor
control and health in chronic ankle instability, a review of the literature.
Athlet Training Sports Health Care 2010, 2:82–88.
12. Wilson C, Simpson SE, van Emmerik RE, Hamill J: Coordination variability and
skill development in expert triple jumpers. Sports Biomech 2008, 7:2–9.
13. Bradshaw EJ, Maulder PS, Keogh JWL: Biological movement variability
during the sprint start: performance enhancement or hindrance? Sports
Biomech 2007, 6:246–260.
14. Button C, MacLeod M, Sanders R, Coleman S: Examining movement
variability in the basketball freethrow action at different skill levels. Res Q
Exerc Sport 2003, 74:257–269.
15. Button C, Moyle S, Davids K: Comparison of below-knee amputee gait
performed overground and on a motorized treadmill. Adapt Phys Activ Q
2010, 27:96–112.
16. Crespo-Ruiz BM, Del Ama-Espinosa AJ, Gil-Agudo AM: Relationship
between kinematic analysis of wheelchair propulsion and wheelchair
functional basketball classification. Adapt Phys Activ Q 2011, 28:157–172.
17. International Wheelchair Rugby Federation: IWRF Classification Manual.
[http://www.iwrf.com/resources/iwrf_docs/IWRF_Classification_Manual_3rd_
Edition_rev-2011_(English).pdf].
18. International Wheelchair Basketball Federation: Official Player Classification
Manual. [http://www.iwbf.org/pdfs/2010ClassificationManualRev8.pdf].
19. Malone LA, Gervais PL, Steadward RD: Shooting mechanics related to
player classification and free throw success in wheelchair basketball.
J Rehabil Res Dev 2002, 39:701–709.
20. Reid M, Elliott B, Alderson J: Shoulder joint kinetics of the elite wheelchair
tennis serve. Br J Sports Med 2007, 41:739–744.
21. Goosey-Tolfrey V: Supporting the paralympic athlete: focus on wheeled
sports. Disabil Rehabil 2010, 32:1–7.
22. Stankovits S: The impact of seating and positioning on the development
of repetitive strain injuries of the upper extremity in wheelchair athletes.
Work 2000, 15:67–76.
23. Costa GB, Rubio MP, Belloch SL, Soriano PP: Case study: effect of handrim
diameter on performance in a paralympic wheelchair athlete. Adapt Phys
Activ Q 2009, 26:352–363.
24. Coutts KD: Kinematics of sport wheelchair propulsion. J Rehabil Res 1990,
27:21–26.
25. Kotajarvi BR, Sabick MB, An K, Zhao K, Kaufman KR, Basford JR: The effect of
seat position on wheelchair propulsion biomechanics. J Rehabil Res Dev
2004, 41:403–414.
26. Faupin A, Campillo P, Weissland T, Gorce P, Thevenon A: The effects of rear-
wheel camber on the mechanical parameters produced during the
wheelchair sprinting of handibasketball athletes. J Rehabil Res Dev 2004,
41:421–428.
27. Hicks AL, Martin Ginis KA, Pelletier CA, Ditor DS, Foulon B, Wolfe DL: The
effects of exercise training on physical capacity, strength, body
composition and functional performance among adults with spinal cord
injury: a systematic review. Spinal Cord 2011, 49:1103–1127.
28. Dallmeijer AJ, Hopman MT, Angenot EL, van der Woude LH: Effect of
training on physical capacity and physical strain in persons with
tetraplegia. Scand J Rehabil Med 1997, 29:181–186.
29. Cronin J, Ogden T, Lawton T, Brughelli M: Does increasing maximal strength
improve sprint running performance? Strength Con J 2007, 29:86–95.
30. Richter WM, Rodriguez R, Woods KR, Axelson PW: Stroke pattern and
handrim biomechanics for level and uphill wheelchair propulsion at self
selected speeds. Arch Phys Med Rehabil 2007, 88:81–87.
31. Shimada SD, Robertson RN, Boninger ML, Cooper RA: Kinematic
characterization of wheelchair propulsion. J Rehabil Res Dev 1998, 35:210–218.
32. Vanlandewijck Y, Theisen D, Daly D: Wheelchair propulsion biomechanics:
implications for wheelchair sports. Sports Med 2001, 31:339–367.
33. Koontz AM, Cooper RA, Boninger ML, Yang Y, Impick BG, van der Woude LHV:
A kinetic analysis of manual wheelchair propulsion during start up on
select indoor and outdoor surfaces. J Rehabil Res Dev 2005, 42:447–458.
34. Wang Y, Vrongistinos KD, Xu D: The relationship between consistency of
propulsive cycles and maximum angular velocity during wheelchair
racing. J Appl Biomech 2008, 24:280–287.35. Chow JW, Chae W: Kinematic analysis of the 100 m wheelchair race. J
Biomech 2007, 40:2564–2568.
36. Moss AD, Fowler NE, Goosey-Tolfrey VL: The intra-push velocity profile of
the over-ground racing wheelchair sprint start. J Biomech 2005, 38:15–22.
37. O’Connor T, Robertson RN, Cooper RA: Three-dimensional kinematic
analysis and physiologic assessment of racing wheelchair propulsion.
Adapt Phys Activ Q 1998, 15:1–14.
38. Goosey-Tolfrey VL, Moss A: Wheelchair velocity of tennis players during
propulsion with and without the use of racquets. Adapt Phys Activ Q
2005, 22:291–301.
39. Maulder PS, Bradshaw EJ, Keogh JWL: Kinematic alterations due to
different loading schemes in early acceleration sprint performance from
starting blocks. J Strength Cond Res 2008, 22:1992–2002.
40. Harrison AJ, Bourke G: The effect of resisted sprint training on speed and
strength performance in male rugby players. J Strength Cond Res 2009,
23:275–283.
41. Hintzy F, Tordi N, Predine E, Rouillon J, Belli A: Force-velocity characteristics
of upper limb extension during maximal wheelchair sprinting performed
by healthy bodied females. J Sports Sci 2003, 21:921–926.
42. Van der Woude LHV, de Groot S, Janssen TWJ: Manual wheelchairs: research
and innovation in sports and daily life. Sci Sports 2006, 21:226–235.
43. Fuss FK, Ow ZJ: Performance diagnostics with instrumented racing
wheelchairs: Comparison of athletes of class T52 and T53. In XXVI International
Symposium on Biomechanics in Sports. Edited by Kwon YK, Shim J, Shim JK, Shin
I-S. Seoul, Korea: Seoul National University; 2008:320–323. 14–18 July.
44. Lutgendorf M, Mason B, van der Woude L, Goosey-Tolfrey VL: Effect of
glove type on wheelchair rugby sports performance. Sports Tech 2009,
2:121–128.
doi:10.1186/2052-1847-5-3
Cite this article as: Churton and Keogh: Constraints influencing sports
wheelchair propulsion performance and injury risk. BMC Sports Science,
Medicine, and Rehabilitation 2013 5:3.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
